A novel nonlinear optical crystal of potassium-boro-phthalate (KBP) was grown by a slow solvent evaporation technique. The crystalline nature and cell parameters were analyzed using X-ray diffraction (XRD) study. The presence of various functional groups was determined by Fourier transform infrared spectroscopy (FT-IR) spectral analysis. The linear optical properties were determined by UV-Vis-NIR spectral analysis. The dielectric constant and dielectric loss of KBP were measured in the frequency range of 500 Hz to 5 MHz at different temperatures. The mechanical properties of KBP single crystal were studied using Vickers microhardness tester. The linear and nonlinear optical properties of the grown crystals were studied to assess its suitability for device fabrication.
Introduction
Nonlinear optical (NLO) crystals contain various types of bonds, including ionic (cationanion), covalent (intermolecular), Van der Walls and hydrogen bonds [1] [2] [3] . The NLO behavior of the crystal is due to the influence of strong and weak hydrogen bonds as already reported [4] . Currently, research is going on semi-organic crystals because of their high damage threshold, wide transparency range, low deliquescence, excellent nonlinear optical efficiency, low angular sensitivity and exceptional mechanical properties [5] [6] [7] [8] . Nowadays, borate crystals play a vital role in preparing highly efficient NLO crystals [9, 10] . The NLO materials used for electro-modulation devices, optical parametric oscillators, optoelectronic devices, high-density optical data storage, underwater communications, stereolithography etc., C 8 B 3 O 5 (CBO) [11] , C 5 LiB 6 O 10 (CLBO) [12] , Sr 2 B 2 Be 2 O 7 (SBBO) [13] , K 2 AL 2 B 2 O 7 (KABO) [14] , etc., are the materials containing borate groups crystals. Several * E-mail: balad67@rediffmail.com researchers focus on crystalline phthalic acid complexes and study their linear and nonlinear optical properties [15] . Hence, the new phthalate-based alkali metal complex -crystal of potassiumboro-phthalate -has been grown by slow solvent evaporation technique at room temperature and its optical, electrical and mechanical characteristics have been studied and reported.
Material synthesis
Potassium-boro-phthalate (KBP) compound was synthesized using high (99 %) purity Merck potassium acid phthalate and boric acid taken in 1:1 molar ratio and dissolving them in deionized water of resistivity 18.2 MΩ/cm. The mixture was stirred at temperature above 50°C and below 60°C with the help of magnetic stirrer for more than 4 hours. The prepared solution was allowed to dry at room temperature. The potassium-borophthalate (KBP) compound was obtained by the following chemical reaction: Scheme 1. Reaction scheme for potassium-borophthalate.
Seed preparation
The synthesized potassium-boro-phthalate (KBP) compound was dissolved in deionized water and the solution was prepared in slightly undersaturated condition. The solution was continuously stirred up to 8 hours using a magnetic stirrer and then filtered. Then the filtered solution was transferred to Petri dish and closed by porous paper. The seed crystals were grown over a period of 10 to 20 days. The quality of the seed crystals was improved by recrystallization process. Since the quality of the bulk crystal depends on the quality of the seed crystal, optically transparent good quality seed crystals were chosen for the bulk growth.
Bulk growth of KBP single crystal
Bulk growth of KBP single crystals was carried out from aqueous solution by slow evaporation technique. The saturated solution of potassiumboro-phthalate was prepared at room temperature using the synthesized KBP compound, and then filtered to remove any insoluble impurities. In order to obtain supersaturation, the prepared solution was kept in undisturbed condition for two days to evaporate. One of the best quality seeds obtained was inserted in the supersaturated solution. After introducing the seed crystal, KBP single crystal was grown to a considerable size in a period of 20 to 30 days. The KBP single crystals grown at various stages are shown in Fig. 1 . 
Results and discussion

Powder X-ray diffraction studies
The powder sample of KBP crystal was subjected to powder X-ray diffraction analysis using a Rich Seifert diffractometer with CuKα (λ = 1.5418 Å) radiation. The sample was scanned over the range of 10°to 80°at a scan rate of 2°/min. The recorded X-ray pattern of KBP is shown in Fig. 2 . The figure shows sharp and intense peaks which confirm the good crystalline nature of the grown crystal. The peaks have been indexed using a DICVO91 program.
Single crystal X-ray diffraction studies
The KBP single crystal was subjected to single crystal X-ray diffraction analysis using an ENRAF-NONIUS CAD-4 single crystal X-ray diffractometer with MoKα (λ = 0.7170 Å) radiation. The lattice parameters are given in Table 1 . The XRD data reveal that the KBP crystallizes in orthorhombic structure with space group PCA21.
Fourier transform infrared spectroscopy analysis
FT-IR spectral analysis is one of the techniques to confirm the presence of functional groups in the grown single crystal. Bruker IFS66V spectrometer using KBr pellet technique was used to record the infrared spectrum of the grown KBP crystal in the wavenumber region of 4000 cm −1 to 400 cm −1 . The recorded infrared spectrum is shown in Fig. 3 . The characteristic peaks corresponding to molecular stretching, bending and vibrating modes are observed in the FT-IR spectrum.
The presence of various functional groups is summarized in Table 2 . A broad peak in the region of 3800 cm −1 to 3200 cm −1 in the spectrum confirms the presence of O-H free hydroxyl stretching. The peak observed at 2797 cm −1 has been assigned to C-H stretching. The H-C=O stretching appears at 2624 cm −1 and 2464 cm −1 . The carbonyl functional group appears at 1913 cm −1 . A peak at 1667 cm −1 corresponds to C=O stretching. The aromatic ring of C-C stretching is observed at 1556 cm −1 . The C-H rocking gives rise to the peak at 1375 cm −1 . The B-O asymmetric and symmetric stretching develops the peaks at 1079 cm −1 and 761 cm −1 , respectively. Hence, the presence of boron has been confirmed. The peaks observed at 761 cm −1 and 718 cm −1 are assigned to =C-H bending. The incorporation of a metal ion in the grown crystal has been identified from the peaks 550 cm −1 and 407 cm −1 .
Linear optical properties
The KBP single crystal of 3 mm thick sample was placed in the Varian Cary 5E UV-Vis-NIR spectrophotometer. The absorption spectrum was recorded from 190 nm to 900 nm. The recorded spectrum is shown in Fig. 4 . The small absorption in the near UV region is due to weak σ → π* transitions of electrons. As there is no significant absorption in the entire UV-Vis-NIR range with a lower cutoff at 297 nm, the transmission window of the grown crystal satisfies the requirement of electrooptic applications. 
Dielectric analysis
The dielectric analysis of the grown crystal was carried out using HIOKI 3532-50 LCR HiTESTER The dielectric constant of the grown crystal has been calculated using the formula:
where C is the parallel capacitance, t is thickness of the crystal, and 0 is permittivity of free space. Fig. 5 shows the variation of dielectric constant with logarithmic frequency. The dielectric constant has a higher value at low-frequency range which is due to space charge polarization. The value of dielectric constant decreases as the frequency increases which is due to a loss of polarization at high frequency. Fig. 6 shows the variation of dielectric loss with logarithmic frequency. The loss tangent has high value at low frequency and its value decreases as frequency increases. The lower value of dielectric loss at higher frequencies reveals that the grown crystals are defect free and have a good optical quality.
Vickers microhardness test
Polished KBP single crystal was subjected to microhardness testing with HEICHRT MD 4000E ULTRA tester to analyze its mechanical behavior. Different loads ranging from 25 g to 100 g have been applied in equal steps. The Vickers microhardness number (Hv) values have been calculated for different loads using the relation:
where H V is Vickers microhardness number in kg/mm 2 , 1.8544 is a constant geometrical factor for diamond pyramid, P is applied load in g, d is diagonal length of indentation impression in mm. Fig. 7 shows applied load (P) vs. Vickers hardness number (Hv). From the graph, it is noted that the hardness number increases with increasing applied load without any crack in the crystal. This shows that the grown KBP single crystal has good mechanical behavior which is suitable for device fabrication.
Nonlinear optical properties
Second harmonic generation efficiency (SHG) of the grown KBP single crystal was studied using Kurtz and Perry powder technique. The finally powdered crystalline sample of KBP was illuminated with Nd:YAG laser Quanta-Ray of 1064 nm with the pulse width of 8 ns and repetition rate of 10 Hz. The potassium-dihydrogen-phthalate (KDP) sample was used as the reference material. The second harmonic signal generated by the crystalline sample of KBP was confirmed by the emission of green radiation (λ = 532 nm). A second harmonic signal of 20.8 mJ was obtained, while the standard KDP crystal gave a SHG signal of 38.7 mJ for the same input energy. Thus, the SHG efficiency of the grown crystal was found to be equal to approximately 0.5 times that of the KDP. In the employed powder sample, the small crystallites were oriented in different directions. The efficiency of the frequency conversion varied with the particle size and orientation of the crystallites in the capillary tube. Hence, the higher efficiency may be expected to be achieved with the grown crystals of KBP by optimizing the particle size and phase matching angle.
Conclusions
A semi-organic compound of potassium-borophthalate has been synthesized from potassiumhydrogen-phthalate and boric acid. Optically good quality single crystals of potassium-boro-phthalate (KBP) were successfully grown from the synthesized compound by solution growth technique. Good crystalline nature of the grown crystal was confirmed by the powder XRD analysis. Single crystal XRD analysis revealed that the grown crystal belongs to an orthorhombic crystal system with PCA21 space group. The presence of functional groups was confirmed by FT-IR spectral analysis. UV-Vis-NIR absorption study showed that the grown crystal is transparent in the entire visible and infrared region with the cut-off wavelength of 297 nm which satisfies the requirements of electrooptic applications. Dielectric studies proved that the KBP single crystals have been grown without any defects. On the basis of the Vickers microhardness test, the grown KBP single crystal was found to have good mechanical properties required for device fabrication. The SHG efficiency of KBP was found to be 0.5 times that of the standard KDP crystal.
